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The local A1 structure and electronic properties in Na-Y, NH4-Y and H-Y zeolites have 
been determined by low energy A1XAFS. The A1-O bond distance of 1.700 A in H-Y is longer 
than that in NI-I4-Y and Na-Y, 1.636 and 1.620 A, respectively. In addition, the white line 
intensity of the A1 ion in H-Y is higher than in NH4-Y and Na-Y, indicating the electron density 
on the A1 ion is lower in H-Y than in the other two catalysts. The results of experimental A1- 
O bond distance and white line intensities are qualitatively in agreement with theoretically cal- 
culated A1-O bond distances in aluminosilicate dusters. However, further work is required in 
order to quantitatively evaluate the near edge structure of the X-ray absorption data. 
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1. In troduct ion  

Solid acid catalysts play a prominent  role in the development of  catalytic pro- 
cesses in petrochemical  industries. Current  industrial processes are dominated by 
zeolite catalysts and include fluid catalytic cracking (FCC), hydrocracking,  paraf-  
fin isomerization, aromatic  alkylation, xylene isomerization, catalytic dewaxing, 
methanol-to-gasoline,  etc. [1]. Of  the industrial processes, FCC is by far the largest 
application of  acidic zeolites accounting for approximately 20% of  all catalyst 
sales [2]. Current  FCC catalysts are based on modified Y zeolites [3]. The develop- 
ment  of  new and improved zeolite catalysts depends on a better understanding of  
the relationship between acidity and catalytic performance.  

The structure of  zeolites is composed of oxide te t rahedra of  silicon and alumi- 
num. Charge balance requires that  for each a luminum there is one cation [1]. It  is 
generally accepted that  in acidic zeolites the active site is a Bronsted acid localized 
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on an oxygen ion of the aluminum tetrahedra [4,5]. The strength of the Bronsted 
acid is affected by several factors, such as the presence of alkali [6,7] and other 
cations [8,9], the silicon-to-aluminum ratio [10,11], the presence of extra-frame- 
work aluminum [12-16], the structure of the zeolite, etc. [17]. 

Numerous experimental techniques have been applied for determination of the 
number, strength and type of acid sites. The number of sites may be determined by 
adsorption of a base, e.g., propyl-ammine, which adsorbs in a one-to-one complex 
on acid sites [18]. Although this technique allows for the determination of the num- 
ber of acid sites, it is not possible to determine the strength of the acid sites. The 
number and average acid strength can be determined by temperature programmed 
desorption of ammonia [19,20]. For many zeolites of interest, however, physi- 
sorbed and chemisorbed ammonia desorb at overlapping temperatures leading to 
inaccurate determination of both the number and strength of acid sites. Infrared 
spectroscopy of adsorbed pyridine has been widely used to identify the number of 
Bronsted and Lewis acid sites in zeolites [21,22]. 

In addition to adsorption of bases, the number of acid sites can be determined 
spectroscopically. For example, in Y zeolite X-ray diffraction (XRD) can be used 
to determine the number of aluminums in the zeolite lattice [23-25]. Structural 
analysis of zeolites by XRD, however, does not provide information about the 
local A1-O distance since most lattice sites are occupied by silicon. A1NMR can be 
used to determine the oxygen coordination of the A1 ions. Tetrahedral (structural) 
aluminum ions have an Al resonance at 55 ppm, while a resonance at 0 ppm indi- 
cates octahedral (non-structural) aluminum ions [26,27]. 

It is expected that the local structural properties of the aluminum tetrahedron 
sites determine the catalytic properties of this Bronsted acid site. Al-O distances 
can be studied by neutron powder diffraction using Rietveld analysis [28]. From the 
numerous techniques which have been applied for the characterization of zeolites, 
the only technique which allows for a direct determination of the A1-O distance or 
the charge on the A1 ion is X-ray absorption fine structure spectroscopy. XAFS 
spectroscopy has been used to study the change of the local structure of A1 in zeolite 
Y after the incorporation of nickel ions [29]. 

The purpose of this paper is to demonstrate the sensitivity of low energy X-ray 
absorption spectroscopy for changes in the local structure around the Al ion in zeo- 
lite Y as a function of the zeolite acidity. In addition, the changes in the A1-O coor- 
dination environment in Na-Y, NHa-Y and H-Y are compared with predictions 
from theoretical calculations. 

2. Experimental 

Na-Y was a commercial zeolite (LZY-54) purchased from UOP. The sample 
crystallinity was confirmed by SEM and XRD and had a unit cell dimension of 
24.676 A, ca. 56 Al/unit cell. A1 NMR confirmed all of the Al was in tetrahedral 
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coordination. NH4-Y was prepared by repeated ammonium exchange. 150 g of 
Na-Y was exchanged with 10 x 1 g of 2 M NH4NO3 at 80~ for 3 h. Following the 
final exchange the zeolite was washed with 3 x 1 g 80~ H20 for 1 h and dried at 
125~ The elemental Na analysis was 0.13 wt%. SEM confirmed the NH4-Y was 
highly crystalline. The XRD unit cell parameter had expanded to 24.729 A and A1 
NMR confirmed that all the A1 was in tetrahedral coordination. H-Y was pre- 
pared by careful calcination of NH4-Y. NH4-Y was dried at 125~ overnight. The 
temperature was raised to 200~ for 3 h, 250~ for 3 h and finally to 300~ for 
3 h. The crystallinity by XRD was 98% based on Na-Y as a standard and the unit 
cell dimension was 24.643 A, or 52 A1/unit cell. A1NMR indicated that 85% of the 
A1 were in tetrahedral coordination with 15% in octahedral coordination. 

EXAFS measurements of the catalysts were performed at the soft X-ray XAFS 
station 3.4 of the SRS at Daresbury (UK). This station is operating with a double 
quartz crystal monochromator. Harmonic contamination of the X-ray beam is 
small due to the use of collimating mirrors. The estimated resolution was 1.5 eV at 
the A1 K-edge (1559 eV). The data were collected simultaneously with a fluores- 
cence and an electron yield detector. Datum was collected with k-space scan mode 
(start, 3 s; end, 30 s). Six scans were averaged in order to minimize both high and 
low frequency noise. 

The samples were mixed with carbon and mounted with epoxy onto the face of 
the stainless steal sample holder. No signal from the epoxy or the sample holder 
could be detected. XAFS measurements were conducted under vacuum (typically 
10 -7 Tort) at room temperature. Electron yield spectra indicate no distortion of 
the X-ray absorption coefficient, while fluorescence spectra are reduced in ampli- 
tude due to absorption by the sample [30]. As a result, the near edge spectra were 
determined from the electron yield spectra. The instrumental background signal of 
the electron yield channel prevented a reliable determination of the EXAFS back- 
ground at high k values. Therefore, the fluorescence data were used to generate the 
EXAFS function. Standard procedures were used to extract the EXAFS spectrum 
from the experimental absorption spectrum. Normalization was done by dividing 
by the height of the absorption edge and the background was subtracted using 
cubic spline routines [31,32]. The errors in the structural parameters were calcu- 
lated from the covariance matrix taking into account the statistical noise of the 
EXAFS data and the correlations between the different coordination parameters 
[33]. The average statistical deviation in the noise amplitude in the raw data was 
calculated from the average of the six scans and was 0.003. The values of the good- 
ness of fit (ez) wire calculated as outlined in the Reports on Standard and Criteria 
in XAFS Spectroscopy [34]. 

Reference phase shifts and back-scattering amplitude functions of the A1-O 
absorber back-scatter pair were determined for A1PO4 (tetrahedral A1-O) both in 
electron yield and fluorescence mode. The purity of the aluminum phosphate 
(A1PO4) EXAFS standard was confirmed by XRD and A1NMR. 
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Fig. 1. (a) EXAFS data (average of six scans) of A1PO4, (b) Fourier transform (k 1, Ak = 2.8-7.1 
A-l) of the EXAFS data. 

3. Results  

3.1. REFERENCE COMPOUND 

The averaged raw EXAFS data of the A1-O reference AIPO4 is shown in 
fig. la, and the corresponding Fourier transform is presented in fig. lb. The deter- 
mination of the reference functions is straightforward, since the first shell A1-O dis- 
tance in r space shows no overlap with higher shells. The crystallographic first 
shell coordination parameters for the reference compound, the weighting of the 
Fourier transform, the ranges in k and r space used to extract the reference func- 
tions from the experimental EXAFS data are given in table 1. Due to the Fourier 

Table 1 
Crystallographic data and Fourier filtering ranges of reference compounds 

Compound Ab-Sc pair /~ FT range (A-l) Filter range (A) N R (A) 

AIPO4 A1-O 1 2.8-7.1 0.3- 2.3 4 1.73 



D. C. Koningsberger, J. T. Miller / Local structure of aluminum in Yzeolite 

0.1 

81 

v, 

-0.1 

2 
r , I i I i I , I i ~ i 

3 4 5 6 7 8 9 10 
k (IlA) 

Fig. 2. Extended theoretical EXAFS reference function (solid line) and isolated first shell EXAFS 
obtained from A1PO4 (dottedline), for details see text and table 1. 

filtering, the obtained phase shifts and back scattering amplitudes are only reliable 
from 3.5 < k  < 6.5 A -1. In order to analyze the EXAFS data over a wider k range, 
the Fourier filtered first shell experimental data of the A1PO4 reference was 
extended at low and high k by fitting the data using a theoretically calculated phase 
shift and back scattering amplitude obtained from FEFF 3.1. The input param- 
eters for the calculation were N = 4, R = 1.70/~, S02 = 0.8 and o ~ = 0.000. The 
extended EXAFS reference function and the isolated first shell experimental data 
are shown in fig. 2. 
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Fig. 3. X-ray absorption near edge spectra of H-Y (solid line), NH4-Y (dotted line) and Na-Y 
(dashed line). 
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3.2. ZEOLITE CATALYSTS 

The X-ray absorption near edge spectra (XANES) of H-Y (solid line), Na-Y 
(dotted line) and NH4-Y (dashed line) are given in fig. 3. There is a clear distinction 
in the white line of the three samples, showing a decrease in the white line intensity 
in going from H-Y to Na-Y. Also differences in the near edge spectra are observed 
around 5 and 12 eV. 

Fig. 4a shows the average EXAFS spectra of six scans for H-Y (solid line) and 
Na-Y (dotted line). Differences in node positions for the two catalysts indicate a 
difference in the A1-O bond distance, which is confirmed in the Fourier transforms, 
fig. 4b. In the Fourier transform, both the position of the magnitude and the nodes 
of the imaginary parts are shifted to higher r value in H-Y. The high signal-to-noise 
ratio of the data allows for the detection of higher coordination shells. The peak 
around 3.8 A in the Fourier transform of Na-Y is possibly caused by the presence 
of Na ions in the second coordination sphere of A1. 
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Fig. 4. (a) EXAFS data (average of six scans) of H-Y (solid line) and Na-Y (dotted line), (b) Fourier 
1 1 transform (k , Ak = 2.7-8.0/~- ) of the EXAFS data of H-Y (solid line) and Na-Y (dotted line). 
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The averaged EXAFS spectrum of NH4-Y along with that of Na-Y is shown in 
fig. 5a. The differences in the node positions for these two catalysts are much smal- 
ler than those in fig. 4a, i.e., H-Y versus Na-Y. The Fourier transforms are given 
in fig. 5b. Although the differences in k space are small, the differences in the ima- 
ginary part of the Fourier transform are clearly visible, indicating a slightly larger 
A1-O distance in the NHa-Y zeolite. The peaks in both Fourier transforms around 
3.8/~ have almost equal amplitude, which is consistent with the suggestion that 
these peaks originate from the presence of a neighboring atom in the second coordi- 
nation shell, Na or N (ofNH4). 

The first Al-O peak in the Fourier transform of the zeolite samples are isolated 
by inverse Fourier transformation to k space. A non-linear multiple shell fitting 
routine [33] has been used to fit the isolated first shell A1-O EXAFS. The details of 
the fitting procedure (fit ranges in k space, the number of independent points 
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Fig. 5. (a) EXAFS data (average of six scans) of Na-Y (solid line) and NH4-Y (dotted line), (b) 
Fourier transform (kl,Ak = 2.7-8.0 A -l)  of the EXAFS data of Na-Y (solid line) and NH4-Y 

(dotted line). 
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Table 2 
Fourier  filter and analysis ranges. Values for Nindp a, v b and e 2 c 

2 Sample FT FT Filter Fit  Analysis Nindp v Max. noise e~ 
weight/c" range (A -1) range (A) weight/c" range (A -1) amplitude 

H-Y 2 2.6-8.1 0.4-2.3 1 3.2-7.5 6.9 2.9 0.003 5 
NH4-Y 2 2.7-8.1 0.3-2.2 1 3.5-7.0 5.2 1.2 0.003 15 
Na-Y 2 2.7-7.9 0.3-2.1 1 3.5-7.0 5.0 1.0 0.003 19 

a Nindp is number of independent parameters; Nindp ~- 2AIcAR/r~ + 1. 
b vis degree of  freedom; v = Nindp - Nfit. 
c e~,2 see ref. [34]. 

(Ninap), the degrees of freedom (Nfree), and the goodness of fit values (e2)) are given 
in table 2. The first shell isolated EXAFS and Fourier transform and the model 
fits are given in figs. 6, 7 and 8 for H-Y, NH4-Y and Na-Y, respectively. The result- 
ing coordination parameters together with the calculated limits of accuracy are 
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Fig. 6. (a) First  shell isolated EXAFS (solid line) and model fit (dotted line) of H-Y, (b) Fourier 
1 transform (k I , Ak = 3.2-7.5 A -  ) of the EXAFS data given in (a). 
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Fig. 7. (a) First shell isolated EXAFS (solid line) and model fit (dotted line) of NH4-Y, (b) Fourier 
transform (k I , Ak = 3.5-7.0 A -1) of the EXAFS data given in (a). 

given in table 3. Only the statistical errors calculated from the averaging proce- 
dure of  the experimental data are taken into account. Systematic errors are min- 
imized by using the same background subtraction and normalization procedures 

Table 3 
Coordination parameters a 

Parameters 

N Aa 2 R AE0 
( • 10 3 ) (A 2 ) (A) (eV) 

coordination: AI~)  
H-Y 4.4(0.1) 0.003(0.001) 1.700(0.003) 2.0(0.4) 
NH4-Y 4.2(0.1) 0.003(0.001) 1.636(0.003) 7.5(0.2) 
Na-Y 3.8(0.1) -0.005(0.001) 1.620(0.003) 8.6(0.3) 

a Numbers between parentheses are limits of accuracy as calculated from a full statistical analysis 
of  the data including the standard deviation per data point (see text). 
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Fig. 8. (a) First shell isolated EXAFS (solid line) and model fit (dotted line) of Na-Y, (b) Fourier 
transform (k I , Ak = 3.5-7.0 A- l )  of the EXAFS data given in (a). 

for all data sets and by careful calibration of the reference phase shift and back- 
scattering amplitudes. 

4. D i scuss ion  

As shown in fig. 3 the white line intensity, representing a ls to 3p transition, is 
sensitive to the composition of the zeolite. The white line intensity is highest for 
H-Y and decreases in the order H - Y > N H a - Y > N a - Y .  The differences in the 
white line intensity between NHa-Y and Na-Y are much smaller than the differ- 
ences between H-Y and NH4-Y. The highest white line intensity in H-Y indicates 
the electron density on the A1 is lowest in H-Y and increases in the order H-Y > 
NHa-Y >Na-Y.  The order of the electron densities derived from the white line 
intensities is in agreement with theoretical calculations for zeolite clusters. For 
example, the positive charge on A1 for a protonated aluminosilicate ring, 
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H + A1SiO3(OH)6 , is 1.52, while on a symmetrically coordinated Na-alumino- 
silicate ring, Na + A1SiO3 (OH)6, the A1 charge is 1.43, or 0.09 electrons less on the 
protonated cluster [35]. 

The differences in the near edge spectra around 5 and 12 eV appear to be related 
to changes in the second coordination sphere of the A1 ion corresponding to the 
presence of the different cations. In order to confirm this interpretation, it will be 
necessary to perform a full multiple scattering calculation of the A1 near edge 
spectra. 

Structural differences in the A1-O bond distances determined from the fitting 
of the EXAFS, table 3, indicate the average distance is largest in H-Y and 
decreases from H-Y>NH4-Y>Na-Y. In H-Y, the average A1-O distance is 
1.700 A and decreases to 1.620 A in Na-Y. A full statistical analysis of the data 
(average of six scans) indicates that the statistical error in the A1-O bond distance is 
0.003 A. As with the white line intensity, the difference in the A1-O bond distance 
between Na-Y and NH4-Y is smaller than between H-Y and NHa-Y. The order of 
the A1-O bond distances derived from the EXAFS is in agreement with theoretical 
calculations for zeolite clusters [36,37]. For example, in the protonic aluminosili- 
cate cluster, H6SiO(H)A1, the AI-O(H) bond distance is calculated to be 2.03 A. In 
the anionic aluminosilicate cluster, H6SiOAI-, the A1-O bond is reduced to 
1.79 A. Although the A1-O bond distance in the cluster calculations is smaller for 
the anionic cluster in agreement with the EXAFS data, absolute A1-O bond dis- 
tances in both clusters are considerably longer than measured by EXAFS. For 
example, in the protonic cluster, the calculated A1-O(H) bond distance is 2.03 A 
while the EXAFS distance is 1.70 A. Likewise, the difference in bond distance 
between the protonic and anionic cluster is larger than that measured by EXAFS, 
e.g., 0.24versus 0.08 A. 

EXAFS, however, measures the (time) average of all the A1-O bond distances. 
In the cluster calculations, the remaining three A1-O bond distances are 1.57 A in 
the protonic cluster and 1.60 A in the anionic cluster. The average of the distances 
obtained from the theoretical calculations is, therefore, 1.69 A for the protonic 
cluster and 1.65 A_ for the anionic cluster, in excellent agreement with the EXAFS 
determinations of 1.700 A for H-Y and 1.620 A for Na-Y. 

The original cluster calculations of the NH + H6SiOA1- cluster predicted that 
the A1-O bond distance was identical to that of the protonic cluster [36]. The model 
assumed a weak interaction between the ammonia and the proton. However, 
when hydrogen bonding between the ammonium ion and the oxide lattice is taken 
into account, the calculations predict a structure similar to that of the anionic (Na) 
cluster with an A1-O distance of 1.79 A [37]. Comparison of the EXAFS A1-O 
bond distance in NH4-Y with H-Y and Na-Y indicates that the NHn-Y is more 
nearly similar to Na-Y than H-Y. The EXAFS data for NH4-Y is consistent with 
the theoretical model where the ammonium ion is hydrogen bonded to the oxide 
lattice. 

The local structural determination of the A1 environment in Y zeolite with differ- 
ent cations by low energy A1 EXAFS is in agreement with the theoretical calcula- 
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tions carried out on different model clusters. From the cluster calculations, as the 
electron densities of the A1 ions decrease with changing cation, i.e., increasing posi- 
tive charge, the white line intensity increases. In addition, the changes in the A1-O 
bond distance determined by EXAFS as a function of the cation type are in agree- 
ment with the values obtained from the cluster calculations. Both the white line and 
the A1-O bond distance determined from the experimental data indicate that the 
theoretical calculations of the clusters contain the essential information about the 
local structure and electronic properties of Al in the zeolite catalysts. This suggests 
that the cluster calculations can be used to quantitatively evaluate the XANES 
spectra, including the features at 5 and 12 eV. 

Comparison of the XANES and EXAFS for H-Y and Na-Y indicates that A1 
X-ray absorption spectroscopy may be used as a scale for zeolite acidity. For exam- 
ple, the white line was much larger in H-Y than in Na-Y. If the charge on the A1 
ion affects the acidity of the hydroxyl, then quantitative analysis of the white line 
should be a sensitive measure of the acid strength. As discussed above, this will 
require a more quantitative evaluation of the white line. In addition, accurate deter- 
mination of the A1-O bond distance may also represent a scale of acidity. How- 
ever, the differences in bond length from H-Y to Na-Y were 0.08/~. These two 
zeolites represent a large difference in acidity from strongly acidic to non-acidic. 
Small changes in acid strength, therefore, which may be catalytically important 
may not be detected by the change in A1-O bond distance. 

This study demonstrates the current capability for A1 EXAFS data acquisition 
and analysis. Improvement of the data quality should be possible with the use of 
new, third generation synchrotrons and future development of low noise, low 
energy beam line components. With a fully optimized beam line, it may be possible 
to extend the data range in k space to 8.5/~-1 before the Si edge in zeolites overlaps 
with the data from the A1 edge. Many of the zeolites contain much less A1 than 
those of the current study. In order to obtain acceptable data quality, improved sen- 
sitivity in the detection limits is required. For many of the future problems, in situ 
fluorescence and electron yield cells will be required. 

5. Conclusions 

This paper demonstrates the application of low energy A1 XAFS for the charac- 
terization of the local A1 structure and electronic properties in zeolites. The results 
for the catalysts in this study indicate that A1 XAFS is sensitive to the zeolite acid- 
ity. Continued development of the technique may lead to a sensitive method for 
evaluating the acidity of zeolite catalysts. The experimental results are in good 
agreement with theoretical calculations on aluminosilicate clusters. Further theo- 
retical work is required in order to fully understand the near edge structure of the 
X-ray absorption data. 
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